The modulation of 11b-HSD1 activity with selective inhibitors has beneficial effects on various metabolic disorders including insulin resistance, dyslipidemia and obesity. Here we report the discovery of a series of novel adamantyl carboxamide and acetamide derivatives as selective inhibitors of human 11b-HSD1 in HEK-293 cells transfected with the HSD11B1 gene. Optimization based on an initially identified 11b-HSD1 inhibitor (3) led to the discovery of potent inhibitors with IC 50 values in the 100 nM range. These compounds are also highly selective 11b-HSD1 inhibitors with no activity against 11b-HSD2 and 17b-HSD1. Compound 15 (IC 50 = 114 nM) with weak inhibitory activity against the key human cytochrome P450 enzymes and moderate stability in incubation with human liver microsomes is worthy of further development. Importantly, compound 41 (IC 50 = 280 nM) provides a new lead that incorporates an adamantyl group surrogate and should enable further series diversification.
Introduction
11b-Hydroxysteroid dehydrogenase isozymes catalyze the intracellular conversion of inert 11-keto glucocorticoids to physiologically active glucocorticoids in specific tissues, and vice versa. 11b-Hydroxysteroid dehydrogenase type 1 (11b-HSD1) functions as an NADPH-dependent reductase converting cortisone (1) in humans to the active glucocorticoid cortisol (2) (Scheme 1). This endoplasmic reticulum-associated enzyme is highly expressed in liver, adipose tissue and in the central nervous system. 11b-HSD1 mediates the pre-receptor activation of cortisone, which provides a mechanism for specific tissues to produce intracellular, non-adrenal cortisol, thereby locally amplifying glucocorticoid action. [1] [2] [3] Conversely, 11b-hydroxysteroid dehydrogenase type 2 (11b-HSD2) is an exclusively NAD + dependent enzyme that catalyzes the transformation of cortisol to inactive cortisone. As the enzyme is highly expressed in mineralocorticoid target tissues, its glucocorticoid inactivation function prevents cortisol occupying the mineralocorticoid receptor (MR) which may lead to sodium retention, hypokalemia and hypertension. 4, 5 Excessive glucocorticoid action has been implicated in the development of several phenotypes associated with metabolic syndrome, such as obesity and type 2 diabetes. [6] [7] [8] Studies show that glucocorticoid receptor (GR) activation stimulates hepatic glucose production, antagonises insulin secretion from pancreatic b-cells and insulin-mediated glucose uptake in peripheral tissues. 9 The relationship of 11b-HSD1 mediated glucocorticoid regulation with metabolic disorders, such as obesity and type 2 diabetes has been well established by studies using genetically-modified rodent models. 11b-HSD1 knock-out mice resist diet-induced obesity and stress induced hyperglycaemia. These animals also have decreased cholesterol and triglyceride levels. 2, 10, 11 In contrast, transgenic mice that overexpress 11b-HSD1 in fat tissues develop symptoms of insulin-resistant diabetes, hyperlipidemia and visceral obesity. 12, 13 The strategy of treating phenotypes of metabolic syndrome with selective 11b-HSD1 inhibitors has attracted considerable interest over the last decade. The discovery of various structural types of selective and potent 11b-HSD1 inhibitor has been extensively reviewed. [14] [15] [16] [17] Several crystal structures of 11b-HSD1 with different ligands have been published. 18 Preclinical studies show that modulation of 11b-HSD1 activity with selective inhibitors has beneficial effects on various metabolic disorders including insulin resistance, dyslipidemia and obesity. 13, [19] [20] [21] plasma glucose, plasma low density lipoprotein and total cholesterol levels. 22, 23 To indentify novel 11b-HSD1 inhibitors, we have previously synthesized series of adamantyl ethanone compounds, and discovered several selective potent inhibitors. [24] [25] [26] Our previous studies also identified compounds with a thiophene ring attached to an adamantyl moiety through an amide linker that possess high inhibitory activity against human 11b-HSD1. Compounds 3 and 4 ( Fig. 1 ) exhibit inhibition of 11b-HSD1 with IC 50 values in the 200-300 nM range when tested in the HEK-293 cell line transfected with the human 11b-HSD1 gene. 27 We performed further optimization on these hit compounds by varying the aromatic region and linker. Target compounds were screened for their inhibitory activity against human 11b-HSD1 in a HEK293 cell based assay.
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Potent 11b-HSD1 inhibitors were also examined for their selectivity over human 11b-HSD2 and 17b-hydroxysteroid dehydrogenase type 1 (17b-HSD1), one of the alcohol oxidoreductases that catalyze the NADPH-dependent reduction of estrone to estradiol. 29 Here we report the synthesis and the structure-activity relationships of some adamantyl carboxamide and adamantyl acetamide compounds as potent inhibitors of 11b-HSD1.
Results and discussion

Synthesis of target compounds
Target compounds with an adamantyl group were synthesized from 1-adamantyl carbonyl chloride or 1-adamantyl acetic acid through an amide coupling reaction with various amines under standard conditions as illustrated in Scheme 2. Amines were either purchased or made by reductive amination from the corresponding aldehyde derivatives.
Structure-activity relationship
11b-HSD1 inhibition was measured in intact human HEK-293 cells to reveal the true inhibitory activity. Differences in observed effects for different compounds may reflect combinatorial factors including the ability to penetrate the cell membrane, the stability within the cell and the binding ability to the enzyme.
Our previous study found a pharmacophore template that consists of a thiophenyl ring attached to an adamantyl moiety through an amide linker. The adamantyl group, being highly hydrophobic, has been identified as a popular moiety in different structural combinations for 11b-HSD1 inhibition. [30] [31] [32] Compounds 3 and 4 ( The substituent effects on the thiophenyl ring were evaluated with compounds 6-11 Table 1 . The 3-methyl derivative 6 retains nearly the same activity as parent compound 3. However, the amino group substitution at the same position (7) causes a sharp decrease of activity, suggesting that a basic and hydrophilic substitution is not favoured in that area. Moving the methyl substituent to the 4-or 5-position affords compounds 8 or 10, respectively. These compounds show only weak inhibition for 11b-HSD1 at a concentration of 1 lM, as does the compound with 5-chloro substituent (11) . Compared with the 2-thiophenyl compound (3), the 3-thiophenyl analogue (12) exhibits an increased activity with an IC 50 value of 125 nM. 27 The effect of using another 5-membered heterocycle to replace the thiophenyl ring was investigated Table 1 . The 2-furanyl derivative (13) with an IC 50 at 249 nM has about the same potency as 3.
27 The 1-methyl-1H-2-pyrrolyl compound (15) with an IC 50 of 114 nM exhibits a twofold higher potency than 3. It is assumed that the pyrrolyl ring can form further interactions with the enzyme and/or alters the geometry of the molecule placing the adamantyl and/or the aromatic ring in a position to gain further binding in the active site. Replacing the thiophenyl group with a 1-methyl-1H-imidazolyl, 1-methyl-1H-pyrazolyl or 4-methylthiazolyl group generated compounds 17-19. None of these compounds shows significant inhibitory activity at 1 lM.
It was found that the N-methyl amide analogue usually exhibits higher potency than the corresponding NH analogues; for example, compound 3 is almost twice as active as 5, while compound 15 is over 15 times more potent than 16.
In the six-membered aromatic ring series, the 3-amino substituted benzene derivative (20) exhibits an IC 50 value of 118 nM, suggesting that the NH 2 group may enable more favourable interactions with the enzyme. On the other hand, the acetamido-, methyl-or chloro-substitution at the same position (21-23) fails to generate a compound with significant inhibitory activity. The pyridyl derivatives 24-27 only exhibit poor to modest activity Table 2 .
Compounds with a more flexible tethering were also synthesized and evaluated for their activity. (Table 3 ). The thiophenyl derivative (28) has only half the potency of compound 3. However, the 2-pyridyl compound (30) exhibits a significant inhibition with an IC 50 value of 165 nM, suggesting that the flexible linker is more suitable for a pyridyl derivative.
In the adamantyl acetamide series, the 2-thiophenyl compound (4) is only slightly weaker than the corresponding adamantyl amide (3), while the 3-thiophenyl derivative 34 exhibits a greater than 2-fold reduction in potency compared to 12.
27 Furthermore, the 2-pyrrolyl derivative (35) with an IC 50 of 655 nM loses nearly 6-fold inhibitory activity compared with 2-pyrrolyl compound 15 (IC 50 = 114 nM) in the amide series. It is also observed in the acetamide series that the N-methyl compounds 4 and 35 possess relatively higher potency than their respective NH analogues 33 and 36 Table 4 . Therefore, compound 15 is an interesting lead for further optimization and development in this class of inhibitors.
We have previous discovered that a substituted phenyl group may potentially be used as a replacement for the adamantyl group. 33 We therefore pursued the synthesis of a set of polycyclic or substituted aliphatic cyclic compounds in the carboxamide series Table 5 . The noradamantyl derivative (39) with an IC 50 of 1080 nM was nearly fivefold less active than the adamantyl analogue 3, although these two compounds have very similar molecular shape and properties. The (p-tolyl)cyclopropyl compound (41, IC 50 = 280 nM) exhibits 11b-HSD1 inhibitory activity at the same potency as compound 3, suggesting the possibility to be used as a replacement for adamantyl group. It is interesting to note that 4-chlorophenylcyclopropyl compound (42) shows a loss of activity of $5.5-fold with an IC 50 of only $1.6 lM, in comparison with 41;
however, cyclobutyl analogue (43) achieves an improved activity with an IC 50 value at 385 nM. All potent compounds were evaluated for their selectivity over 11b-HSD2 and 17b-HSD1 enzymes. They exhibit no inhibitory activity at 10 lM.
To identify potential problems with these compounds interfering with the metabolism of other drugs, compounds 3, 4, 15 and 41 were studied for their inhibition of the key human cytochrome P450 enzymes: 1A2, 2C9, 2C19, 2D6, 3A4-BFC (7-benzyloxy-4-(trifluoromethyl)coumarin) and 3A4-BQ (7-benzyloxyquinoline) (Table 6). Compound 3 displays weak activity against 2C9 and 3A4-BFC, while the acetamide analogue (4) strongly inhibits 3A4-BFC (IC 50 = 150 nM). Nevertheless, compound 15, one of the most potent 11b-HSD1 inhibitors in this series, exhibits very weak inhibition for these cytochrome P450 enzymes. The non-adamantyl compound 41 shows a moderate inhibition of 2CA, 3A4-BFC and 3A4-BQ with IC 50 values from 1.6 to 7.3 lM.
Potent inhibitors (3 and 15) were incubated at 37°C for 40 min with human liver microsomes in the presence of the cofactor NADPH to evaluate their stability under such conditions. The remaining parent compound was measured using a HPLC method. Both 3 and 15 are moderately stable under such condition with a T 1/2 value from 60 to 70 min.
Compound 3 was studied for its membrane permeability using the Caco-2 cell model. The apparent permeability coefficient (P app ) from apical to basolateral side was measured at a concentration of 20 lM; and the result shows that the compound is of high permeability (P app (A>B) = 3.3 Â 10
À5
). As the inhibitory activity was studied on the whole cell, the high permeability of the inhibitor suggests a potentially good correlation between the activity and the binding affinity to the enzyme. The GOLD docking program was used to determine possible binding poses.
The top 5 docking solutions for compound 3 are almost identical. The adamantyl group is positioned in a hydrophobic pocket close to the nicotinamide ring of the co-factor, the same orientation as in the published X-ray crystal structure. The carbonyl group, being 2.5 Å away from the catalytic residue Tyr183, may form a hydrogen bond interaction with the residue. The thiophene ring is about 3.6 Å from Tyr177, suggesting an edge-on interaction (Fig. 2, top) . The best 5 docking solutions for compound 6 are all adapted to the same conformation as that of compound 3, with the extra methyl group being closer to the residue Tyr177 (2.6 Å) (Figure 2, middle) . The top 5 poses of compound 12 also overlap perfectly with that of compound 3, with the exception of the sulfur atom pointing towards the hydroxyl group of Tyr177 (3 Å), suggesting a further hydrogen bond interaction (Figure 2, bottom) .
The top docked conformation of compound 15 is very similar to that of 3 with the adamantyl group close to the NADP. The oxygen of the amide carbonyl group is positioned to form hydrogen bond interactions with Tyr183 (2.7 Å) and Ser 170 (3 Å). The pyrrole ring, being $3.5 Å from Tyr177 may form a stacking interaction with the residue (Fig. 3, top) . On the other hand, docking studies of compound 20 show that the top 5 poses position the phenyl ring in the hydrophobic pocket close to the cofactor. The amino group, being 2.9 Å away from Thr124, possibly forms added hydrogen bond interactions. With the 'reversed' orientation, the adamantyl group fits into the pocket formed by Ser170, Ala172, Tyr177 and Val180 (Figure 3, middle) . The best docking solutions for compound 30 also adapted to the 'reversed' position with the adamantyl group forming edge-on interactions with Tyr177 (3.7 Å), and the carbonyl group may form hydrogen bond interactions with the catalytic residue Tyr183 (2.8 Å) and Ser170 (3.4 Å) (Fig. 3,  bottom) .
Conclusion
Series of adamantyl carboxamide and acetamide derivatives were synthesized and their ability to inhibit human 11b-HSD1 was evaluated on a HEK-293 cell line stably transfected with the HSD11B1 gene. Based on the initially identified 11b-HSD1 inhibitor (3) further optimization in the aromatic region, the carbon tethering and adamantyl group in the molecule led to the discovery of potent inhibitors with an IC 50 value in the 100 nM range. The potent compounds are also highly selective 11b-HSD1 inhibitors with no activity against 11b-HSD2 and 17b-HSD1. Compound 15 exhibits very weak inhibitory activity against the key human cytochrome P450 enzymes, indicating that it is unlikely for the compound to interfere with metabolism of other drugs. In addition, the compound is also relatively stable when incubated with human liver microsomes. Compound 41 also offers a potent lead for further development with a (p-tolyl)cyclopropyl surrogate for the adamantyl group.
Experimental
11b-HSD1 inhibition assay protocol: human HEK-293 cell based assay
The cell-based assays were conducted on the human HEK-293 cell line stably transfected with the HSD11B1 gene.
28 11b-HSD1 activity was determined by measuring the amount of tritiated product formed using a scintillation proximity assay (SPA). Cells were incubated in 96-well micro-plates in the presence of tritiated cortisone substrate and the assay plates contained internal high and low controls to allow calculation of percentage inhibition. Each well of a 96-well culture plate was seeded with human 11b-HSD1 overexpressed HEK293 cells in 100 lL medium. When the cells were 80% confluent, the medium was removed from each well then 100 lL of fresh, serum-free, medium containing 3 H-cortisone (22 nM) and test compound in 1% DMSO was added. The control wells were also dispensed. The high control wells did not contain compound, while low controls did not contain cells. The plate was incubated at 37°C for 2 h, after which 50 lL of medium was removed from each well and transferred to a microplate containing 100 lL of a pre-incubated mixture of anti-cortisol antibody and SPA bead. The mixture was incubated with gentle shaking until equilibrium was reached, before transferring to a scintillation counter to establish the enzyme activity in each sample.
The compounds were initially tested at a concentration of 1 lM.
Those compounds showing over 70% inhibition of 11b-HSD1 at 1 lM were subjected to an IC 50 measurement. A Merck compound 544 was used as the reference compound in the assay (IC 50 = 50 ± 20 nM). 19 The IC 50 values are reported as the mean value of 3 measurements with variance less than 20%. IC 50 values were calculated from the dose-response curve using Microsoft Excel add-in XLfit with a Four Parameter Logistic nonlinear regression model.
11b-HSD2 and 17b-HSD1 inhibition assay protocol
11b-HSD2 activity was measured in whole Chinese hamster ovary (CHO) cells stably transfected with the HSD11B2 gene. Cells were incubated in 96-well microplates in the presence of tritiated cortisol (22nM) with or without the inhibitor to be tested. After incubation at 37°C for 2 h, the mixture was extracted with ethyl acetate. Enzyme activity was determined by measuring the amount of tritiated product using thin layer chromatography (Chloroform/Ethanol 92:8 v/v) with a PhosphorImager.
17b-HSD1 inhibition assay was performed according to the literature procedure. 29 
Molecular modelling
Selected ligands were docked into the human 11b-HSD1 protein X-ray crystal structure 2ILT 34 using the GOLD docking program in version 5.1 of the GOLD suite with default settings in the presence of the cofactor. The binding site was defined as a sphere of 10 Å radius around the centroid of the ligand in the 2ILT structure. Each ligand was docked 25 times. The Goldscore scoring function was used to rank the ligands in order of fitness to generate the best poses of the ligand in the active site. The five most highly ranked poses of each ligand were studied.
Chemistry
All chemicals were purchased from either Aldrich Chemical Co. (Gillingham, UK) or Alfa Aesar (Heysham, UK). All organic solvents of AR grade were supplied by Fisher Scientific (Loughborough, UK). Compounds 3-5, 12, 13, 28, 29 were synthesized according to literature procedures. 27 Melting points were determined using a Stanford Research Systems Optimelt MPA100 and are uncorrected. Compounds in solid form were crystallized from dichloromethane (DCM)-ethyl acetate solution. Thin layer chromatography (TLC) was performed on pre-coated aluminum plates (Merck, silica gel 60 F 254 ). Products were visualized either by UV irradiation at 254 nm and by staining with 5% w/v molybdophosphoric acid in ethanol, followed by heating. Flash column chromatography was performed on pre-packed columns (RediSep Rf) and gradient elution (solvents indicated in text) on the Combiflash RF system (Teledyne Isco).
1
H NMR spectra were recorded with a Jeol Delta 270 MHz spectrometer. Chemical shifts are reported in parts per million (ppm, d) relative to tetramethylsilane (TMS) as an internal standard. LC/MS spectra were performed on a Waters 2790 machine with Waters 'Symmetry' C18 column (packing: 3.5 lm, 4.6 Â 75 mm) eluting with 10% H 2 O/CH 3 OH (1 mL/min), and detected with a ZQ MicroMass spectrometer and PDA detector using Atmospheric Pressure Chemical Ionization (APCI) or Electrospray Ionisation (ESI). High resolution mass spectra were recorded on a Bruker MicroTOF with ESI. HPLC was undertaken using a Waters 717 machine with Autosampler and PDA detector. The column used was a Waters 'Symmetry' C18 (packing: 3.5 lm, 4.6 Â 150 mm) with an isocratic mobile phase consisting of H 2 O/CH 3 CN at a flow rate of 1.0 mL/min.
General method A for the preparation of adamantyl carboxamide derivatives 6-32
To a solution of the 1-adamantane carbonyl chloride (0.50 mmol, 1.06 equiv) in DCM (5 mL) was added triethylamine (0.15 mL), followed by the corresponding amine (0.47 mmol, 1 equiv). The reaction mixture was stirred at ambient temperature under nitrogen overnight. PS-Trisamine (10-20 mg) was added.
After stirring at ambient temperature for another 2 h, the mixture was filtered and evaporation of the solvent gave a residue that was purified by flash chromatography (ethyl acetate-DCM gradient elution) to give the desired carboxamide derivatives.
General method B for the preparation of acetamide or carboxamide derivatives 33-44
To a solution of the corresponding carboxylic acid (0.5 mmol) in DCM (8 mL) were added 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDCI, 0.6 mmol), 4-(dimethylamino) pyridine (DMAP, 10 mg) and triethylamine (0.1 mL) at room temperature. After stirring for 0.5 h, the corresponding amine (0.5 mmol) was added to the reaction mixture. After 12 h the mixture was partitioned between DCM and brine and the organic layer was washed with brine, dried over MgSO 4 and concentrated in vacuo. The crude product was purified with flash chromatography (Ethyl acetate-DCM gradient elution) to give the target acetamide or carboxamide. 
